[1] Predicting primary and secondary organic aerosol (POA and SOA) concentrations requires understanding the phase partitioning of semi-volatile organic species. A wellmixed single phase organic aerosol can absorb greater amounts of semi-volatile species but little experimental evidence exists on the phase distribution of particulate organics. We investigated the phase partitioning and mixing of semi-volatile POA and SOA in a smog chamber. Particle time of flight (PToF) data from an Aerodyne aerosol mass spectrometer (AMS) were used to quantify the extent of mixing. The SOA plus motor oil and diesel fuel combination produced a weakly mixed system, in which two particulate organic phases coexist. However, the POA in diesel exhaust readily mixed with SOA, forming a single phase after one hour. Although both POA types contain semi-volatile components, there is a fundamental difference in their partitioning behavior with SOA. The high resolution AMS data reveal minor differences in composition between the two types of POA. This work provides further evidence that there exists a set of unidentified components that influence particulate mixing that affect OA formation and suggests the extent of absorbent phase mixing (strong versus weak) can be observed and quantified with PToF data. 
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Introduction
[2] Secondary organic aerosol, SOA, has long been recognized to consist of semi-volatile organics that partition between the condensed and vapor phases. The condensedphase organics form a solution, with the vapor pressures of individual organics in the solution being related to their mole fractions [Pankow, 1994] . Consequently, the condensed-phase mass of SOA depends on the total mass of organics constituting the particulate phase. For example, models are very sensitive to whether SOA is presumed to mix only with other SOA species or with POA species as well, with much less SOA predicted when SOA does not strongly interact and form an ideal solution with POA [e.g., Koo et al., 2003] .
[3] Recently, Song et al. [2007] showed that measured SOA yields from the ozonolysis of a-pinene were not enhanced in the presence of Dioctyl Phthlate (DOP) and lubrication oil aerosol, suggesting that SOA and POA do not interact. However, the choice of POA model systems may be critical. We now understand that most POA also consists of semi-volatile mixtures , and vapors from semi-volatile primary emissions can oxidize rapidly to form ''non-traditional'' SOA [Donahue et al., 2009] , potentially with properties between those of traditional SOA and traditional POA. Vapors from both POA and SOA will collide with and condense onto all particles; their evaporation rates will be driven both by Raoult's law and the tendency of the constituents (SOA and POA) to form a solution with each other in a give particle or phase. If ''like mixes with like'' the increased entropy of intermediate constituents could well trigger the breakdown of two separate condensed phases into a single condensed phase.
[4] In this study we investigate the tendency of various POA model systems to interact with SOA systems. To quantify this interaction, we measure the size-dependent composition of the organic aerosol (OA) systems, hypothesizing that non-interacting systems will sustain two distinct and identifiable modes while for interacting systems two separate modes will quickly collapse into a single, wellmixed mode.
Experimental Methods
[5] Experiments were performed in the Carnegie Mellon University 12 m 3 environmental chamber. The operation and maintenance of the chamber have been previously reported [e.g., Wietkamp et al., 2007] . The temperature and light controlled Teflon chamber was maintained at 21°C and below 5% relative humidity. During the course of an experiment, temperatures remained within one degree of the set point. All experiments were performed in the dark.
[6] In separate experiments, SOA was formed from the dark ozonolysis of a-pinene (Sigma-Aldrich, +99%) and bcaryophyllene (Fluka, >+98.5%). The dark ozonolysis reactions proceeded for over 1 hour, enough time for essentially all of the SOA precursors to be oxidized and significant SOA mass to form.
[7] After SOA formation, POA was injected into the chamber. In some experiments, POA was formed by flash vaporizing a mixture of motor oil and diesel fuel (MOF). POA emitted by diesel engines contain unburned oil components (up to 95% [Sakurai et al., 2003] ) hence flash vaporized motor oil has been used as an atmospherically relevant emissions surrogate [Wietkamp et al., 2008] . Fuel is added to better reproduce actual vehicular emissions. In other experiments, actual diesel POA (DL) was injected using 4.5 kW single cylinder, air-cooled engine operated at low load. The engine was operated for one hour prior to injection and diesel fuel was obtained from local commercial sources.
[8] Aerosol size or composition distributions were measured with a Scanning Mobility Particle System (TSI SMPS 3080), an Aerodyne High Resolution Time of Flight aerosol mass spectrometer (HR-AMS) and a quadrupole AMS (Q-AMS). The SMPS was maintained at chamber temperature. The operation and analysis of HR-AMS and Q-AMS measurements have been reported elsewhere [Jayne et al., 2000; DeCarlo et al., 2006] . During experiments with the HR-AMS, an Aerodyne thermodenuder was used to characterize particle volatility [Huffman et al., 2008] . The HR-AMS was alternated between the thermodenuder and a bypass line every '2.5 minutes.
[9] The AMS data were used to distinguish between the POA and SOA. The mass spectra of MOF and DL POA were compared to the SOA mass spectra to identify ions that were relatively unique to POA and SOA. PToF data of these ions were used as tracers to monitor mixing of the different types of organic aerosol. We used AMS fragments (mass to charge ratio, m/z 57, 60, 76 and 104) as markers for POA. We used AMS fragments associated with oxidized species (m/z 44 and 45) as markers for SOA. In addition, HR-AMS analysis can identify ion compositions of selected unit-mass fragments of SOA and POA markers.
Results and Discussion
[10] SOA generated from a-pinene and b-caryophyllene form a monomodal distribution of particles in the chamber (Figures 1a and 1d) . The peak of the SOA size distribution was 200 -300 nm. An abundance of the SOA signal are in ions with m/z 43, 44, and 45 (red-dashed, orange, and yellow lines respectively). The PToF HR-AMS data indicate no variations in SOA composition with size. This is a key property for our experiments. For single-phase mixtures, Raoult's law demands that the composition be uniform, as it is with the SOA; stable non-uniformity is thus strong evidence for distinct phases, while evolution towards uniformity suggests a single phase.
[11] Figures 1b and 1e show the AMS size distributions immediately after the POA was injected into the chamber. Upon injection the POA formed a smaller mode of particles Figures 1a -1c) ; in contrast the smaller mode (POA) in the a-pinene SOA plus DL POA disappears after 65 minutes. Hence the transition to a single-phase mixture is observed in Figures 1d-1f but not in Figures 1a -1c. ($120 nm), of which the POA tracer m/z 57 had the greatest abundance. In MOF experiments, additional signal was observed in POA sizes from m/z 43 upon injection, but not for signal at m/z 44 and 45 (the two SOA tracers). In DL experiments, the AMS signal at all m/z increased at all sizes within minutes of injection. In every experiment, there was an immediate increase in AMS signal of all POA tracers in the SOA size range ($400 nm), indicating that some of the semi-volatile components from MOF and DL POA condensed immediately onto the SOA particles (Figures 1b and  1e) .
[12] Figure 1 shows that the mixture of SOA+MOF POA retained distinct SOA and POA modes over the entire 5 hour experiments, indicating the presence of two distinct organic modes. In contrast, in the DL+SOA experiment the POA initially formed a smaller mode (Figure 1e ) which disappeared after an hour, indicating the formation of a single organic phase. The mixing is not due to coagulation as the characteristic time scale for coagulation was on the order of 1 day. Therefore, DL particles in the smaller mode evaporated and condensed at larger sizes within an hour of mixing (Figures 1d, 1e, and 1f) .
[13] To further investigate the phase distribution, the OA volatility was measured using the thermodenuder. Figure 2 shows that both types of POA were more volatile (evaporated at lower temperatures) than both types of SOA. The bcaryophyllene SOA thermogram has the most scatter, consistent with slow aging and the formation of lower volatility products with time [Asa-Awuku et al., 2009] . However, the thermograms of both types of SOA are similar; the remaining mass fraction = 0.5 at $80°C.
[14] If two organic phases exist, the thermogram of the mixed system (POA plus SOA) should lie between the pure POA and pure SOA thermograms. This is the case for the MOF POA and SOA combination, supporting the conclusion that they only form a weak mixture, existing in separate phases (Figure 2a) . However, the volatility of the DL POA and SOA combination produced a thermogram closer to the SOA; therefore, the single-phase system was significantly less volatile than the DL POA (Figure 2b ).
[15] Results similar to those shown in Figures 1 and 2 were observed in multiple experiments conducted over a range of conditions. In subsequent experiments we switched the combination of SOA+POA and varied respective concentrations. In every experiment, the DL POA plus SOA system formed a single, well-mixed phase within an hour after injection while the MOF POA plus SOA system formed two weakly mixed phases. When significantly less MOF POA was injected into the chamber, the POA was observed at all sizes such that the PToF distribution broadened and organic mass increased at all sizes. In these low concentration MOF POA experiments a distinct POA mode was never observed; the thermodenuder results suggest that the MOF POA condensed on the existing surface areas, either in conjunction with or as a coating on the existing SOA.
[16] An important question is why do the MOF and DL POA behave differently? To investigate this issue, HR-AMS data of DL and MOF POA were compared to identify differences in POA composition ( Figure 3 ). As expected, the mass spectra for the DL and MOF POA are quite similar; 90% of the unit mass spectral signal are alike. However, elemental analysis of HR-AMS data [Aiken et al., 2007] indicate that DL POA has slightly larger oxygen content than MOF POA; DL POA has atomic O/C = 0.047 versus O/C = 0.019 for MOF POA. The distribution of carbon and hydrogen elements in MOF and DL mass spectrum are similar (Figure 3 ). Once vaporized, fragments containing up to seven carbons with odd numbered hydrogens are prevalent in both MOF and DL POA spectra.
[17] Further work is required to understand the subtle differences in POA composition that may cause the observed changes in phase partitioning behavior. Complex DL emissions are a more realistic representation of atmospheric POA than MOF; our belief is that the mixing state is controlled by entropy, in the sense that an OA consisting of a more broadly distributed group of compounds will tend to mix more readily with another broadly distributed aerosol.
Implications
[18] Similar to Song et al. [2007] , we observed that mixtures of motor oil and diesel fuel POA with biogenic SOA form two distinct organic phases. However, diesel exhaust POA and SOA mix to form a single organic phase. The AMS data revealed relatively small differences in composition between the two types of POA, but the underlying cause of the different partitioning behavior is not known. Since the diesel exhaust POA case is the most atmospherically relevant scenario, this supports treating organic aerosol partitioning using a single phase in atmospheric models.
[19] The disappearance of the initial mode of DL POA and the formation of a less volatile, well mixed accumulation mode aerosol is consistent with the disappearance of hydrocarbon-like aerosol (HOA) mode outside of urban areas [McFiggans et al., 2005; Alfarra et al., 2004] . For example, the AMS data of McFiggans et al. [2005] show that the AMS signal at m/z 57 and m/z 44 have distinct size distributions in urban areas. However, in rural areas, the aerosol is well mixed with HOA markers such as m/z 57 predominant in the accumulation mode. Our data indicates that this shift takes place in about an hour and that it is due to changes in phase partitioning, namely the mixing of the POA and SOA phases. 
